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Abstract

The transfer fraction 7, defined as the ratio of net cloud radiative effect at the top of atmosphere to sur-
face latent heat flux (n = |CRE,|/LE), is a fundamental coupling parameter linking surface hydrology to
TOA radiation. Despite its relevance to cloud feedback and biophysical forcing,  has not been directly con-
strained by co-located observations at the spatial scales relevant to climate forcing. This study co-locates 341
FLUXNET eddy covariance surface flux sites (FluxDataKit-v3 pooled with JapanFlux2024) with CERES
EBAF Ed4.2 TOA radiation retrievals, and extends the analysis to basin scale for the Amazon, Congo, and
SE Asian tropical forest regions. A three-stream decomposition of the surface energy budget is presented,
together with a geometric upper bound on 7 in deep convective regimes. At site level, the global median 7
is 31.6% [95% CI: 28.3 to 35.8%], with a tropical evergreen broadleaf forest (EBF) median of 14.7% across
twelve sites on five continents (range 5.6 to 31.0% excluding the subtropical-monsoon outlier CN-Din). At
basin scale, the Amazon transfer fraction is 20.8% (CREpe = —19.8 W/ m?, LE =95.1 W/ m?), with a recy-
cling amplification factor of 1.62 x relative to the site-level value; Congo (1.63 x) and SE Asia (1.57 x) show
comparable amplification. The cloud longwave radiative effect scales with convective available potential
energy (CAPE) at R? = 0.74, and the three-stream decomposition yields a geometric upper bound on 7 in
deep convective regimes. The constrained 7 supports two applications: a diagnostic for cloud feedback in
atmospheric models, and an observational TOA counterpart to surface biophysical forcing estimates from
land-cover-change studies. These results provide the first dedicated, scale-stratified observational constraint
on 7 at site and basin scales, extending the preliminary site-level regression estimate of Shahid (2026b), with
applications across cloud feedback and biophysical forcing studies.



1 Introduction

The fraction 7 of surface latent heat flux that produces a net change in top-of-atmosphere (TOA) radiation is
a fundamental but under-constrained parameter coupling surface hydrology to the radiative energy budget. n
governs the TOA radiative consequence of evapotranspiration and cloud formation, and links surface energy
partitioning to cloud radiative effects. Despite its importance, 77 has not been directly constrained by co-
located surface flux and TOA radiation observations at the scales relevant to climate forcing: the site scale
for small patches below the characteristic moisture recycling length, and the basin scale for contiguous forest
regions that sustain internal moisture recycling. A direct observational constraint on 7 is a prerequisite for
closing the surface-to-TOA energy pathway that connects land surface processes to the radiative forcing of
the climate system.

Two literatures converge on 7 without constraining it directly. Cloud feedback studies (Sherwood et al., 2020;
Zelinka et al., 2020; Ceppi and Nowack, 2021) quantify the TOA radiative response to warming and to cloud
property changes, but do not resolve the TOA response to surface moisture flux variations that drive cloud
formation. Biophysical forcing studies (Bright et al., 2017; Duveiller et al., 2018; Winckler et al., 2019) map
surface-level temperature responses to land cover change using satellite retrievals and reanalysis, but stop
short of the TOA radiative consequence that determines global-mean forcing. Each of these literatures would
benefit from an independently measured value of 77: cloud feedback analyses need it to close the surface-flux
branch of the feedback decomposition, and biophysical forcing maps need it to translate surface signatures
into TOA-relevant forcing.

This study is part of a programme characterising biome-specific climate forcing and its atmospheric fate.
Shahid (2026a) established the surface energy partitioning coefficient a(5) from a 341-site joint fit (FluxDataKit-
v3 pooled with JapanFlux2024) spanning five continents, producing a biome-resolved mapping between
Bowen ratio and net radiation partitioning. Shahid (2026b) reported early site-level estimates of the transfer
fraction (median 8.5 percent, range 5.9 to 29.8 percent) from the same dataset as part of a broader test of
whether a(3) propagates coherently to TOA cloud radiative effects. Shahid (2026c¢) characterised the hori-
zontal transport of moisture through the Amazon and Congo corridors that sustain inland rainfall, quantifying
the recycling length scales that separate site-level from basin-scale 7 regimes. The present study extends that
prior estimate from site level to basin scale, adds a mechanistic decomposition and a geometric bound, and
situates 7 within the cloud feedback and biophysical forcing literatures.

We co-locate 341 FLUXNET surface flux sites (FluxDataKit-v3 pooled with JapanFlux2024) with CERES
EBAF Edition 4.2 TOA radiation retrievals, extend the analysis to basin-integrated fluxes for the Amazon,
Congo, and Southeast Asian tropical forest regions, and decompose 7 into three TOA energy streams (short-
wave cloud radiative effect, longwave cloud radiative effect, and their net) whose relative magnitudes are
regulated by convective depth. The specific contributions of this paper are: (i) a site-level observational
constraint on 77 (median 31.6 percent global, 14.7 percent tropical evergreen broadleaf forest, with a tropical-
forest range of 5.6 to 31.0 percent across twelve sites on five continents); (ii) a basin-scale observational
constraint on 77 for Amazon, Congo, and Southeast Asia, with a recycling amplification of approximately 1.6
times the site-level value; (iii) a three-stream conceptual decomposition of 7 that isolates the physical drivers
of the shortwave cooling and longwave warming components; (iv) a geometric upper bound on 7 in deep



convective regimes derived from the CAPE-regulated partition between CREgw and CRE . Together these
results provide a dedicated, scale-stratified observational constraint on 7, extending the preliminary site-level
regression estimate of Shahid (2026b) to the basin scale and adding the mechanistic and geometric structure
needed for application across cloud feedback diagnostics and biophysical forcing maps. Forest valuation
applications building on this empirical constraint are developed in the companion cascade-valuation paper
(Paper 8).

2 Background

This section reviews the three literatures on which the present work builds: the observational foundations of
cloud radiative effects (CRE) and their shortwave/longwave decomposition, the surface-to-top-of-atmosphere
(TOA) energy budget closures that fix the baseline against which perturbations are measured, and the cloud-
feedback literature in which the CREL w/|CREgw| partition plays a central diagnostic role. Against this back-
drop we then introduce the transfer fraction n as a bottom-up, geometry-constrained observable.

2.1 Cloud radiative effect foundations

The cloud radiative effect (CRE) is defined at the top of the atmosphere as the difference between all-sky
and clear-sky outgoing radiation and is conventionally decomposed into a shortwave component, CREgw
(the albedo effect, negative in sign), and a longwave component, CREw (the greenhouse effect of clouds,
positive in sign) (Ramanathan et al., 1989). The first global observational quantification came from the
Earth Radiation Budget Experiment (ERBE), which established that, in the global annual mean, net CRE is
negative and of order —20 W m~2 (Ramanathan et al., 1989; Harrison et al., 1990). ERBE also revealed a
striking regional pattern: across the deep tropics, the two components are individually large (tens of W m~2)
but nearly cancel in the net, so that regions of vigorous deep convection exert only a modest net radiative
effect at TOA (Harrison et al., 1990; Kiehl, 1994). Earlier satellite analyses of outgoing longwave radia-
tion over tropical convective regions had already hinted at this balance (Hartmann and Short, 1980). Kiehl
(1994) articulated the near-cancellation as a physical property of tropical deep convection, in which the cold
cloud tops that produce strong longwave trapping are the same cloud tops that produce high reflectance in
the shortwave. The near-cancellation of tropical CREgw and CRErw (Kiehl, 1994) is a known feature of
deep convection and sets the physical stage for the geometric upper bound on 7 derived here. The subse-
quent Clouds and the Earth’s Radiant Energy System (CERES) mission (Wielicki et al., 1996) refined these
quantifications by more than an order of magnitude in calibration stability (Loeb et al., 2009), providing the
global, multi-decadal CRE records on which current cloud-radiation studies rest.

2.2 Surface-TOA energy budget closure

Independent of the cloud literature, a parallel observational programme has sought closure of the global
mean surface-to-TOA energy budget. The canonical syntheses of Kiehl and Trenberth (1997), Trenberth et
al. (2009), Stephens et al. (2012), and Wild et al. (2015) constrain surface latent heat flux (LE) to ~ 80



W m~2 in the global annual mean, with downward longwave radiation at the surface of ~ 345 Wm~2 and
net atmospheric emission partitioned roughly 37.4% upward to space and 62.6% downward to the surface
(Stephens et al., 2012; Wild, 2020). A substantial fraction of surface emission, approximately 40 W m™2,
escapes directly to space through the 8-13 um atmospheric window, whose transmission properties and an-
thropogenic narrowing have been quantified by Costa and Shine (2012). Observational synthesis of the
hydrological cycle (L’Ecuyer et al., 2015) and the most recent energy-budget reviews (Stephens et al., 2022)
confirm that these partitions are reproduced, within observational uncertainty, across independent satellite
and reanalysis products. The crucial point for the present paper is that the ~ 80 W m~2 global LE flux is
already incorporated, fully, on both sides of these closed budgets: it warms the atmosphere on evaporation
and releases radiation at TOA as part of the existing steady state. 1 measures the TOA radiative perturbation
per unit surface LE perturbation; the global LE baseline is already incorporated in standard energy budget
closures and is not the quantity at stake. What 7 constrains is therefore the incremental radiative response to
an incremental LE flux, not the absorption or re-radiation of the baseline flux itself.

2.3 Cloud feedback and the CREgy/CRE_y partition

The sign and magnitude of the net cloud feedback remain the dominant source of intermodel spread in
equilibrium climate sensitivity (Bony et al., 2006; Soden and Held, 2006; Sherwood et al., 2020). Because
total cloud feedback is the small residual of two opposing components, the partition between shortwave
(albedo-driven) and longwave (altitude- and optical-depth-driven) feedbacks is itself a central diagnostic
(Klein et al., 2017). CMIP6 models exhibit systematically stronger positive cloud feedbacks than CMIP5,
driven primarily by shortwave changes in low clouds over the subtropical oceans (Zelinka et al., 2020),
and observational constraints from interannual variability (Dessler, 2010) and from mixed observational-
model emergent constraints (Myers et al., 2021; Ceppi and Nowack, 2021) have narrowed the likely range
of shortwave cloud feedback but not eliminated its sign uncertainty in all regimes. In all of this literature
the CRELw/|CREgw]| ratio, or closely related diagnostics, appears as a top-down inferred quantity: it is
extracted from warming responses in models or from the covariance between CRE components and surface
temperature on interannual and decadal timescales. What has been absent is a bottom-up observational
constraint, one tied directly to the moisture flux and convective-depth variables that govern cloud formation
at the process scale. The CREy w/|CREgw| ratio, a central diagnostic in cloud feedback studies, is shown here
to scale systematically with convective depth (CAPE), providing a bottom-up observational constraint on the
partition. This reframing connects the cloud-feedback partition directly to surface energy budget variables
and embeds 7 as the scalar that couples the two literatures reviewed above.

2.4 Biophysical forcing from land cover

Changes in land cover alter surface climate through biophysical pathways that operate independently of the
carbon cycle. Shifts in evapotranspiration (ET), albedo, and surface roughness redistribute available energy
between sensible and latent fluxes, producing local surface temperature responses (ATy) that can rival or
exceed the biogeochemical signal (Bonan, 2008; Pongratz et al., 2010; Bright et al., 2017). Observational
syntheses across eddy covariance networks and satellite retrievals confirm that forest cover generally cools



the surface in the tropics and warms it at high latitudes, with magnitudes of several degrees depending on
background climate (Lee et al., 2011; Alkama & Cescatti, 2016; Li et al., 2015).

Biophysical forcing maps (Duveiller et al., 2018) report surface temperature responses to land cover change;
7 provides the missing TOA radiative counterpart, allowing these surface forcings to be translated to radiative
units comparable with greenhouse gas forcing. Subsequent efforts have extended this mapping to global cov-
erage (Duveiller et al., 2020) and decomposed the contributions of individual biophysical mechanisms across
transitions (Winckler et al., 2019). A central limitation of this body of work is that surface-level AT maps do
not translate directly into a TOA radiative perturbation: cloud, water-vapour, and atmospheric adjustments
determine what fraction of the surface signal becomes a planetary energy imbalance. Consequently, the TOA
consequences of biophysical forcing have remained less resolved than the surface effects themselves, and
land-cover terms are still absent from most standard forcing inventories. The «(3) framework of Shahid
(2026a) addresses one leg of this gap by quantifying how surface radiative anomalies propagate to TOA; the
7n framework developed here addresses the complementary leg for turbulent-flux driven anomalies.

A special case of biophysical forcing is irrigation, which elevates surface LE over croplands without a cor-
responding increase in CRE,¢ (Thiery et al., 2017, 2020; Lobell et al., 2009; Cook et al., 2015). Irrigation-
specific 7 values derived here provide the radiative component missing from current irrigation-climate stud-
ies.

2.5 Convective organization and moisture recycling

The cooling contribution of a land surface is not exhausted by the single radiative pass above the ET site. Wa-
ter vapour emitted by one patch of forest can travel hundreds to thousands of kilometres before condensing,
and once condensed it can re-evaporate and trigger further cloud-formation events downwind. This cascad-
ing behaviour is captured by the concept of moisture recycling (Salati and Vose, 1984; Eltahir and Bras,
1994). Tracer-based accounting (van der Ent et al., 2010) shows that a substantial fraction of continental
precipitation over tropical and boreal basins originates as transpiration from upwind land, with the Amazon
and Congo basins exhibiting some of the highest recycling ratios on Earth (Zemp et al., 2014; Staal et al.,
2018).

Forest cover actively maintains these corridors. Spracklen et al. (2012) demonstrated that air passing over
extensive forest produces at least twice as much rain downwind as air passing over sparse vegetation, and
the biotic pump hypothesis (Makarieva and Gorshkov, 2007; Sheil, 2018) proposes that condensation over
forests generates pressure gradients that draw marine moisture inland. Coast-to-interior transport is thus
partly forest-mediated (Ellison et al., 2017, 2025), and loss of upwind forest propagates downwind through
cascading recycling failure (Zemp et al., 2017; Staal et al., 2020).

Moisture recycling determines how many cloud-formation events are sustained per unit surface ET, and
therefore how much basin-scale 7 amplifies above the single-pass site-level value. Shahid (2026¢) quantifies
the horizontal corridor dynamics that govern recycling failure under forest loss; the present study quantifies
the vertical radiative consequence per pass. The two are complementary: horizontal corridor integrity sets
the number of passes n, while per-pass 7 sets the TOA cooling delivered on each pass. Basin-scale cooling
scales approximately as n - 77 - LH, so reliable projection of forest-climate feedbacks requires independent



empirical constraints on both factors.

2.6 ET-cloud coupling observations

Observational evidence that surface ET drives cloud formation is now well established; n quantifies what
fraction of that driven cloud cover produces a net TOA radiative change rather than remaining radiatively
neutral or warming. Early coupled-model experiments identified the land surface as a first-order control on
boundary-layer moisture and convective triggering (Koster et al., 2004), and subsequent syntheses codified
soil moisture-atmosphere coupling as a central process for regional climate variability (Seneviratne et al.,
2010; Dirmeyer, 2011).

Satellite-based analyses have since documented the coupling in detail. Taylor et al. (2012) showed that after-
noon rainfall preferentially initiates over drier soils in semi-arid regions, a signature of mesoscale circulations
driven by spatial ET contrasts. Findell etal. (2011) and Gentine et al. (2013) characterised the regimes under
which ET enhances or suppresses convective precipitation, while Guillod et al. (2015) reconciled apparent
discrepancies by distinguishing spatial from temporal coupling. At larger scales, forest-induced rainfall has
been observed both through back-trajectory analysis of moisture sources (Spracklen et al., 2012) and through
the role of tropical transpiration in sustaining continental precipitation (Wright et al., 2017; Baker et al., 2026;
Smith et al., 2023). These studies establish that ET anomalies reliably produce cloud and precipitation re-
sponses, but they do not determine whether the resulting cloud changes leave a net TOA radiative footprint,
which is the question 7 answers.

2.7 Recent empirical and high-end estimates of

Direct empirical estimates of ) are scarce. Shahid (2026b) reported a site-level value of 8.5% (range 5.9—
29.8%) from regression across 314 FLUXNET sites as part of a broader test of a(/3) propagation to TOA.
That study used co-located eddy-covariance LH and CERES TOA shortwave to isolate the radiative signature
of latent-heat-driven cloud formation from other covarying fluxes. Baker et al. (2026) implicitly constrain
a related transfer via rainfall monetisation of Amazon forest cooling, translating basin-scale precipitation
benefits into an effective radiative contribution per unit ET; their methodology is indirect but converges on
a site-level-compatible range.

Higher estimates have appeared in recent literature based on top-down energy budget arguments. Bunyard et
al. (2024) estimated 75—100% transfer from gross latent heat flux using a pathway argument without explicit
cloud radiative accounting. These differing estimates, spanning nearly an order of magnitude, motivate a
direct, methodology-dedicated constraint using co-located flux and radiation observations. The present paper
addresses this gap by focusing the full 341-site FLUXNET-CERES pairing specifically on the LH-to-TOA
transfer coefficient, with explicit sensitivity tests over cloud regime, season, and biome, so that downstream
basin-scale and policy applications can build on a single auditable per-pass value.



3 Data and Methods

3.1 Surface fluxes

Surface energy balance components (latent heat flux LE, sensible heat flux H, net radiation R,.) were ob-
tained from the FLUXNET2015 and ONEFlux datasets supplemented with JapanFlux2024 for 341 eddy co-
variance sites spanning nine biome classes (evergreen broadleaf forest, deciduous broadleaf forest, evergreen
needleleaf forest, mixed forest, grassland, cropland, savanna, shrubland, and wetland); per-biome site counts
are reported in Table 1. The site universe combines the FluxDataKit-v3 synthesis (314 FLUXNET2015 +
ONEFlux co-located sites) with the JapanFlux2024 release (Hirano et al. 2025), which contributes 27 sites
pooled into the surface energy partitioning fit of Shahid (2026a), plus MY-LHP (Lambir Hills, Borneo),
which is used here as a tropical EBF anchor on the basis that 7 = |CRE,e|/LE requires only latent heat
flux and CERES top-of-atmosphere radiation. ID-PaD shares a CERES grid cell with ID-Pag (two flux-
processing protocols at the same Indonesian peatland tower) and is dropped as a duplicate. The total sample
comprises 341 sites across five continents. Multi-year monthly means were computed for each site, exclud-
ing months with fewer than 20 valid days. Sites with mean LE < 5 W/m? were excluded to avoid unstable
ratios in the transfer fraction calculation. The dataset includes two Amazon tower sites in intact old-growth
rainforest: BR-Sal and BR-Sa3 in the Tapajos National Forest, Para, Brazil, operated under the LBA project.
The full tropical EBF sample includes twelve sites across five continents: BR-Sal and BR-Sa3 (Amazon,
Brazil), GF-Guy (French Guiana), AU-Rob, AU-Ctr, and AU-Cow (tropical Australia), ID-Pag (Borneo,
Indonesia), and CN-Din (subtropical China).

3.2 TOA radiation

Top-of-atmosphere radiation was obtained from CERES EBAF Edition 4.2 (Loeb et al., 2018). For each
FLUXNET site, the corresponding 1° CERES grid cell was identified and monthly climatological means
extracted for: all-sky outgoing longwave radiation (OLR), clear-sky OLR, shortwave and longwave cloud
radiative effects (CREsw, CRELw), and net CRE. Seasonal means (JJA, DJF) were computed separately.
ERAS reanalysis data (Hersbach et al., 2020) provided CAPE fields for the attenuation mechanism analysis
(Section 4.7).

3.3 Transfer fraction

The transfer fraction 7 is defined as the ratio of the absolute value of net cloud radiative effect at TOA to the

surface latent heat flux:
n= |CREnet| /LE

This metric captures the net TOA radiative perturbation associated with the cloud systems whose formation
is linked to surface latent heat flux. CRE, includes both the shortwave cooling effect (CREsw, negative,
from cloud albedo) and the longwave warming effect (CRELw, positive, from cloud longwave opacity).
Following the CERES convention, CREgw is negative (clouds cool by reflecting sunlight) and CRELw is



positive (clouds warm by reducing outgoing longwave radiation). The transfer fraction therefore represents
the residual cooling that survives after the cloud longwave warming partially offsets the shortwave reflection.

Bootstrap confidence intervals (10,000 iterations) were computed on median transfer fractions by biome, lat-
itude zone, and globally. A Mann-Whitney U test was used to compare tropical and temperate distributions.

Two site-level reference values are used in this paper. The tropical evergreen broadleaf forest median, n =
14.7% (range 5.6 to 31.0% across 12 sites on 5 continents, excluding the subtropical- monsoon outlier CN-
Din), is the population-level descriptor used in the abstract, conclusions, and biome comparisons. The single-
site value at BR-Sal (Tapajos, Amazon), n = 12.9%, is used as the Amazon-specific anchor in Section 4.6
and Figure 7 where basin recycling from the Amazon reference site is evaluated. Both values fall within the
tropical EBF range; the choice of anchor does not affect qualitative conclusions.

3.4 Spatial scale and representativeness

FLUXNET eddy covariance towers measure surface fluxes over footprints of approximately 0.1 to 1 km,
while CERES EBAF grid cells are 1 degree in latitude and longitude (approximately 12,000 km? at the equa-
tor). The CRE in a given grid cell reflects all clouds in the atmospheric column, not solely those generated
by the local surface flux. This spatial mismatch means that n should be interpreted as a statistical association
between surface energy partitioning and the TOA cloud signal at the grid-cell scale, not as a site-level causal
measurement. As a partial control, Shahid (2026b) applied a three-method homogeneity filter restricting
the analysis to sites where land cover within the CERES pixel is consistent with the tower biome. The core
results (transfer fractions of 7 to 22%) are robust to this filtering.

3.5 Limitations of the transfer fraction metric

Several limitations of the transfer fraction merit explicit statement. First, CRE,¢ at a CERES grid cell re-
flects all clouds in the atmospheric column, including advected systems, frontal clouds, and aerosol-modified
clouds unrelated to local surface LE. The transfer fraction is therefore a statistical association, not a causal
attribution. Second, the cross-site Pearson correlation between raw LE and CRE,; is r = 0.029 (r-squared
=0.0008, p = 0.61), indicating that surface latent heat flux alone explains less than 0.1% of the cross-site
variance in cloud radiative effect. This does not invalidate the metric. The physically appropriate predictor
is not raw LE but the surface energy partition coefficient «(3), which correlates with CRE;¢¢ at r = 0.360
(r-squared = 0.130, p < 0.000001, n = 341). Raw LE varies across sites primarily because net radiation
varies with latitude; « isolates the partitioning signal. Additionally, the partial correlation between LE and
CRE, after controlling for latitude is r = —0.129 (p = 0.023), confirming that at a given latitude, higher LE
is associated with stronger TOA cloud cooling. Third, the site-level transfer fraction captures only the local,
single-pass cloud radiative response. It does not account for moisture recycling, in which water evapotran-
spired at one location precipitates and re-evaporates multiple times across a basin, generating cumulative
CRE at downwind locations. This omission is addressed in Section 4.8 and 3.6. Fourth, FLUXNET eddy
covariance measurements are subject to energy balance closure errors, typically 10 to 30% underestimation
of turbulent fluxes. Closure-corrected transfer fractions range from 5.5% to 26.6% across tropical EBF sites,



compared to 6.9% to 22.2% uncorrected.

3.6 Basin-level extraction

Basin-level CRE fields were extracted from CERES EBAF Ed4.2 by averaging over land pixels within
defined tropical forest basin polygons: Amazon (5°S to 5°N, 75 to 45°W), Congo (5°S to 5°N, 14 to 30°E),
and Sundaland (5°S to 5°N, 100 to 120°E). Basin-mean LE was derived from the mean of all FLUXNET sites
within each basin polygon. The basin transfer fraction is 77_basin = |CRE;¢_basin|/ LE_basin. Intact versus
deforested pixels were distinguished using the MODIS MCD12C1 land cover product at 0.05° resolution,
aggregated to the 1° CERES grid.

3.7 Coast-to-interior transects

Cross-basin transects were constructed by binning CERES CRE data into 5°-wide longitudinal strips from
the Atlantic coast (50°W) to the western Amazon interior (70°W), averaged over 10°S to 5°N. Equivalent
transects were constructed for the Congo (longitude west to east) and SE Asian basins (west to east across
Sundaland). Seasonal transects used DJF and JJA means separately.

3.8 Recycling model

Moisture recycling was quantified using the published recycling ratio p, defined as the fraction of local
precipitation derived from upwind forest evapotranspiration. Following Eltahir and Bras (1994) and Zemp et
al. (2014), the basin-scale effective transfer fraction is approximated as _basin =1 _site / (1 — p). Published
estimates of p for the Amazon range from 0.25 to 0.67 (Eltahir and Bras, 1994; van der Ent et al., 2010; Staal
et al., 2018; Salati and Vose, 1984), with higher values in the western interior. The amplification factor (1
/ (1 — p)) ranges from 1.33 (p = 0.25) to 3.0 (p = 0.67). CERES-derived n_basin provides an independent
observational check on these model estimates.

Per-basin application. For the Amazon, the framework is anchored at both ends: n_site = 12.9% from the
BR-Sal flagship FLUXNET site (see Section 3.3) and 7 _basin = 20.8% from the CERES polygon aggre-
gate, yielding p Amazon = 0.38 directly via the Eltahir-Bras identity. For the Congo and Southeast Asian
basins, the coverage is asymmetric: CERES provides the basin n directly, but FLUXNET coverage within
the Congo basin is absent in the 341-site sample and is restricted to a single site (ID-Pag) within the Southeast
Asian tropical forest zone. For these two basins the amplification is therefore derived from published basin
recycling fractions via Eltahir-Bras rather than from a measured site/basin ratio: p Congo ~ 0.39 and p SE
Asia =~ 0.36 (van der Ent et al., 2010; Staal et al., 2018), yielding amplifications of 1.63x and 1.57 x respec-
tively. The site-equivalent 7 values that these amplifications imply (10.5% for Congo, 12.8% for SE Asia,
from n_basin x (1 — p)) are bounded by the CERES basin measurements combined with the published p, not
measured independently from tower sites; they are reported in Table 2 for transparency and are consistent
with the tropical EBF range of 5.6 to 31.0% measured at the twelve tropical EBF sites on five continents. The
SE Asia tropical forest zone is now anchored explicitly by four FLUXNET sites in this version: MY-LHP
(Borneo, Malaysia; n = 24.2%), ID-PaB (Borneo, Indonesia; 7 = 5.8%), KH-Kmp (Cambodia; n = 5.6%),
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and TH-Kog (Thailand monsoon tropics; n = 31.0%). Additional FLUXNET sites in the Asia validation
pipeline (Shahid 2026a) have not yet been processed into the 341-site joined dataset; incorporation of these
sites in future work would replace the p-derived SE Asia site-equivalent with a measured value.

3.9 Deforestation counterfactual

The deforestation counterfactual compares CERES CRE in intact Amazon forest pixels against the deforested
arc of Mato Grosso, Para, and Ronddnia states, classified as non-forest by MODIS MCDI12C1. Pixel-by-
pixel differences in CREgw, CRELw, CRE¢, and cloud fraction were computed for all years 2003 to 2023.
The CRE, penalty is defined as the difference CRE¢(intact) — CRE(deforested), with positive values
indicating greater TOA cooling in intact forest. Bootstrap 95% confidence intervals were computed on the
mean penalty (10,000 iterations).

3.10 Forward Lagrangian trajectory analysis

To test whether Amazon-injected parcels at 200 hPa reach subtropical OLR zones distinguishable from ocean-
source parcels, forward Lagrangian trajectories were computed using ERAS 6-hourly winds for 7 years
across 4 seasons (28 Amazon ensembles, 286 parcels per release). A symmetric 28-run control experiment
releasing parcels from the tropical Atlantic (5S-5N, 30W-5W) at the identical times was conducted, covering
the same 7 years and 4 seasons to allow phase-matched comparison across ENSO conditions. Full methods
are described in the Supplementary Materials.

4 Results

4.1 Tropical evergreen broadleaf forest sites

At BR-Sal (Tapajos, Amazon), the measured surface latent heat flux is 87.1 W/m?, consistent with the 66
to 98 W/m? range calculated by prior reports. The CERES-measured cloud radiative effect at this site is:
CREsw = —52.3 W/m?, CRELy =+41.1 W/m?, CRE ¢t = —11.2 W/m?, giving a transfer fraction of 12.9%
(Figure 2).

Across all twelve tropical EBF sites spanning five continents and six independent CERES pixels, the trans-
fer fraction ranges from 6.9% (AU-Ctr, tropical Australia) to 22.2% (AU-Rob, tropical Australia), with a
median of 14.7% (Table 1). BR-Sal and BR-Sa3 share a single CERES pixel, as do AU-Ctr and AU-Cow;
the remaining four sites (GF-Guy, ID-Pag, AU-Rob, CN-Din) occupy independent pixels. One outlier, CN-
Din (subtropical China, 23.2°N), shows an anomalously high transfer fraction of 98.2%, likely reflecting
monsoon-driven cloud regimes distinct from equatorial convection. Excluding this site, the tropical EBF
median (n=11) is 12.9% and the range is 5.6 to 31.0%. The 5.6% lower end comes from KH-Kmp (Cambo-
dia, JapanFlux2024); the 31.0% upper end comes from TH-Kog (Thailand monsoon tropics, 18.8°N, Japan-
Flux2024). Excluding both monsoon sites (CN-Din, TH-Kog), the n=10 equatorial-EBF median is 10.6%
(range 5.6 to 24.2%).
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The CRELw term warrants attention. At the Amazon sites, CERES measures CREw of +41.1 W/ m?, mean-
ing that the deep cumulonimbus clouds produced by condensation trap 41 W/m? of outgoing longwave radi-
ation. Condensation drives cloud formation, and those clouds partially block the very OLR pathway through
which the condensation heat would need to escape. The net TOA signal is the small residual of two large,
partially offsetting terms.

The CRE,¢ metric bundles two physically distinct processes: shortwave cloud reflection (CREgw, cooling)
and longwave cloud opacity (CREpw, warming). At BR-Sal, CREgy = —52.3 W/ m? and CREw = +41.1
W /m?. The shortwave term (cloud albedo) represents incoming solar radiation reflected by cloud tops back
to space. This is a genuine TOA cooling effect of forest-generated clouds, but it is not the fate of the latent heat
itself; it is the fate of sunlight that never entered the climate system. The longwave term represents outgoing
infrared radiation trapped by cloud opacity, reducing OLR. This is directly related to the condensation energy
pathway, and it works against export: condensation-produced clouds retain heat that would otherwise escape.
The ratio CRELw / LE = 47.2% at BR-Sal, meaning that clouds intercept nearly half of what would have
radiated upward under clear skies. Across all tropical EBF sites, CRErw / LE ranges from 17.6% (AU-Rob)
to 63.6% (ID-Pag, Borneo). At ID-Pag, CRELy (+62.2 W/m?) actually exceeds [CREgw| (55.3 W/m?),
producing a positive CRE,¢; of +6.9 W/m?: the clouds generated by condensation at this site produce net
warming at TOA, not cooling. This extreme case illustrates that the cloud self-blocking effect can, in specific
circulation regimes, entirely negate the cooling pathway.

However, the cloud longwave trapping term should not be interpreted as energy permanently retained in the
climate system. The trapped longwave radiation warms the cloud interior and sub-cloud layer, increasing
the temperature differential between the surface and cloud top. This enhances buoyancy and strengthens the
convective updraft, lifting more moisture to higher, colder altitudes. The result is deeper convective towers
(reaching 15 to 18 km over the Amazon) with colder cloud tops that emit less OLR locally but inject heat
directly into the tropical tropopause layer (TTL) at 16 to 18 km altitude. The CRE] w term therefore functions
as a convective relay: it does not destroy the condensation energy or block its exit permanently, but redirects
it from a direct local OLR pathway to an indirect pathway via tropopause injection and subsequent poleward
transport.

4.2 Global distribution

Across all 341 sites, the median transfer fraction is 31.6% [95% bootstrap CI: 27.1 to 34.5%] (Figure 3a).
The site-by-biome breakdown shows forests with the highest median at 38.6% [35.3 to 42.1%], followed
by wetlands (30.0%), croplands (30.1%), grasslands (26.9%), shrublands (18.5%), and savannas (14.9%).
The 35% basin-scale reference bound derived in Section 6.10 applies to deep-convective tropical regimes;
across the full 341-site sample, 55.7% of sites have n below 35% and 96.5% have 1 below 75%. Among
high-LE sites (LE > 60 W/m?, n = 105), representing conditions closest to the Amazon, the median is 20.3%
and 82.9% fall below 35%, consistent with the interpretation of the 35% bound as a deep-convective-regime

reference.
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4.3 OLR test

If a large fraction of condensation heat exits as enhanced OLR, forests should exhibit substantially higher
OLR than non-forest land covers. In the global comparison, EBF forests show OLR of 247.5 W /m? versus
235.0 W/m? for shrubland, a difference of +12.5 W/m?. In the tropics (|latitude| < 23.5°), the relationship
reverses: tropical EBF forests show OLR of 248.4 W/m? versus 263.6 W/m? for tropical shrubland and
savanna, a difference of —15.2 W/m?. Tropical forests have lower OLR than tropical non-forest, consistent
with deep convective clouds emitting from cold cloud tops and reducing outgoing longwave. This is the
opposite of the prediction that condensation heat export should elevate forest OLR.

4.4 Latitude test

One potential explanation for the low measured transfer fraction is spatial misattribution: heat transported
by the Hadley circulation may exit to space at higher latitudes, causing CERES to attribute the cooling to
the wrong location. If this mechanism were the primary explanation, tropical sites should show anomalously
low transfer fractions compared to temperate and boreal sites where horizontal transport is weaker. The
data show (Figure 3c): tropical median 9.8% (n = 22), temperate 29.6% (n = 249), boreal 43.3% (n = 42).
The tropical fraction is indeed lower (Mann-Whitney U p < 0.0001), but critically, even boreal sites, where
Hadley transport cannot apply, show a median of only 43.3%. The low transfer fraction is a global feature
of the atmosphere, not an artefact of tropical transport. Within the tropics, where deep convection produces
optically thick cumulonimbus with strong longwave trapping (CRELw exceeding +40 W/m? at Amazon
sites), the self-blocking effect depresses the transfer fraction below the global median.

4.5 Seasonal decomposition

To assess whether the CRE metric genuinely tracks the latent heat pathway, I decomposed transfer fractions
by local season across the 129 sites with seasonal data (Figure 3d). In local summer (when surface LE is
high and convective coupling is strong), the median transfer fraction rises to 74.0%. In local winter, it falls
to 7.9%. This ninefold ratio confirms that TOA cloud effects are strongly coupled to surface latent heat flux
during the convective season and decouple when convection weakens.

This seasonal pattern clarifies the relationship between the annual transfer fraction and higher estimates in
recent literature. The summer-peak value (74 percent) approaches the range of higher estimates reported in
the literature, indicating that during active convection, surface LE does couple efficiently to TOA. However,
radiative forcing is an annual-mean quantity, and the convective coupling does not persist year-round. In the
tropics, where seasonality is less pronounced, annual CRE is the more appropriate metric, and the tropical
EBF median of 14.7% reflects near-continuous but moderate coupling. The site-level metric is a single-pass
estimate; the following section extends the analysis to the basin scale, where moisture recycling can amplify
the effective transfer fraction.
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4.6 Basin-level CRE and transfer fraction

At the Amazon basin scale (Figure 7), the mean CRE e is —19.8 W/m? (CREgw = —62.7 W/m?, CRELy =
+42.9 W /m?) and the basin-mean LE is 95.1 W /m?2, giving a basin transfer fraction of 7_basin =20.8%. This
is higher than the single-site value at BR-Sal (12.9%), reflecting the cumulative effect of moisture recycling
across the basin. The recycling amplification factor, defined as n_basin / n_site, is 1.62X, consistent with
a moisture recycling ratio p = 0.38 applied to the Eltahir-Bras model. Cross-basin comparison confirms
this pattern: the Congo yields n_basin = 17.1% (amplification 1.63x) and SE Asia yields n basin = 20.1%
(amplification 1.57x). The consistency across three independent basins validates both the recycling model
and the CERES-based basin extraction method.

4.7 The CRE,w attenuation mechanism

CRELy scales with CAPE across tropical forest pixels at R? = 0.74 (slope = 0.032 W/m? per J kg2, p
< 0.0001, n = 19 regions; Figure 5). Higher CAPE corresponds to deeper convection, taller cumulonim-
bus, and greater cloud optical depth at upper levels, which increases longwave trapping. Simultaneously,
the CRELw/CREgw ratio increases from 0.60 at low CAPE (shallow convection, near the coast) to 0.86 at
high CAPE (deep interior convection). As convection deepens, longwave trapping grows faster than short-
wave reflection, because taller clouds emit from colder tops and intercept more of the upward longwave
spectrum while adding only modestly to cloud albedo. The net effect is that CRE,; stays approximately
flat along the coast-to-interior transect (Section 4.8) despite large absolute increases in both CREgw and
CRELw components. This CRE w attenuation mechanism is the primary reason why the basin-scale trans-
fer fraction (20.8%) cannot reach the high-end literature range: even under maximal recycling, the longwave
self-blocking saturates the net cooling signal.

4.8 Coast-to-interior transects

Along the Amazon coast-to-interior transect (Figure 6), CREgy intensifies from —53.7 W/m? near the
coast to —72.5 W/m? in the far interior, an increase of 18.8 W/m? in shortwave cooling. Simultaneously,
CRELw intensifies from +39.5 W/m? to +53.3 W/m?, an increase of 13.8 W/m? in longwave warming. The
two effects partially offset: CRE,¢ ranges from —11.6 to —19.2 W/ m? across the transect, with the mini-
mum net cooling in the west-central strip. Equivalent transects for the Congo and SE Asia show the same
CREgsw/CRELw lockstep, with CRE, stable at —6 to —12 W/m2 across all interior strips. This lockstep
is the observational fingerprint of the CREw attenuation mechanism: as forest evapotranspiration drives
deeper convection inland, both arms of the CRE grow together, leaving the net signal approximately invari-
ant.

4.9 Seasonal decomposition of the transect

In the Amazon wet season (DJF; Figure 8), CREsw reaches —80 W/ m? in the interior, with CRELw at
+64 W/m?, giving CRE, of approximately —16 W/m?2. In the dry season (JJA), the coastal strip drops
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to CREsw = =37 W/ m2, reflecting reduced cloud cover as moisture advection from the Atlantic weakens.
Critically, the interior retains CREgw of —60 W/ m? even in the dry season, demonstrating that interior
forest maintains cloud cover when the coast does not. This east-west gradient in dry-season cloud cover
retention is the observational signature of the biotic pump mechanism (Makarieva and Gorshkov, 2007):
forest evapotranspiration sustains moisture recycling and cloud formation in the interior even when external
moisture supply from the ocean is reduced. The seasonal contrast in coastal versus interior CREgy (from
similar wet-season values to a 23 W/m? dry-season divergence) is inconsistent with a purely passive role
for the forest in the regional water cycle.

4.10 Deforestation counterfactual

Intact Amazon forest pixels (MODIS forest class; Figure 9) show CRE e of —19.8 W /m? (2003-2023 mean).
Deforested arc pixels (Mato Grosso, southern Para, Rondonia) show CRE¢; of —8.3 to —17.2 W/ m?. The
CRE penalty of deforestation (intact minus deforested) is 2.6 to 11.5 W/m? [95% CI: 1.8 to 13.1 W/m?],
with the largest penalties in the densely deforested arc where replacement land cover is pasture. Cloud frac-
tion differences are 6.5 to 9.7 percentage points (intact higher), consistent with the Luo et al. (2024) finding
that deforestation-driven cloud cover reductions offset approximately half of the albedo-driven cooling. The
deforestation CRE ¢, penalty of 2.6 to 11.5 W/m? is larger than the single-site 1 x LE product (11.2 W /m?
at BR-Sal), because the counterfactual captures both the local cloud reduction and the loss of moisture
recycling that would sustain downwind cloud formation.

Table 1. Site-level transfer fraction (17 = |CRE,¢|//LE) by biome and for twelve tropical evergreen broadleaf
forest (EBF) sites spanning five continents. Bootstrap 95% confidence intervals on the median (10,000
iterations). Rows shaded in the typeset version are individual tropical EBF sites.

OLR
Biome / Site N LE (W/m?) CRE e Median 7 95% CI (W/m?)
Forest 151 57.8 —20.3 38.9% 35.7-42.9 230.4
Grassland 68 55.5 —15.3 26.9% 21.1-33.9 236.3
Cropland 42 61.2 —17.3 30.1% 25.9-40.3 233.3
Savanna 22 55.5 —5.5 14.9% 7.6-18.4 256.6
Shrubland 28 40.5 -7.9 16.8% 7.6-28.3 2343
Wetland 26 60.1 —16.7 30.0% 23.5-453 225.2
Barren/Snow 1 28.4 -7.0 24.7% n/a 206.0
BR-Sal 1 87.1 —11.2 12.9% n/a 240.2
(Amazon,
Brazil)
BR-Sa3 1 111.0 —18.3 16.5% n/a 237.4
(Amazon,
Brazil)
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OLR
Biome / Site N LE (W/m?) CRE ¢t Median 7 95% CI (W/m?2)

GF-Guy 1 99.3 -21.0 21.1% n/a 252.4
(French

Guiana)

AU-Rob 1 126.7 —28.2 22.2% n/a 265.1
(tropical

Australia)

AU-Ctr 1 122.0 —8.4 6.9% n/a 264.1
(tropical

Australia)

AU-Cow 1 102.2 -84 8.2% n/a 264.1
(tropical

Australia)

ID-Pag 1 97.8 +6.9 7.1% n/a 214.9
(Borneo,

Indonesia)

CN-Din 1 49.9 —49.0 98.2% n/a 249.3
(subtropical

China)t

MY-LHP 1 88.6 +21.4 24.2% n/a 210.9
(Borneo,

Malaysia)

KH-Kmp 1 105.5 +5.9 5.6% n/a 235.0
(Cambodia)

TH-Kog 1 73.3 —22.7 31.0% n/a 251.1
(Thailand

monsoon)¥t

ID-PaB 1 89.9 +5.2 5.8% n/a 216.6
(Borneo,

Indonesia)

1 CN-Din (23.2°N) and TH-Kog (18.8°N) are subtropical / monsoon-tropical sites; their anomalously high
transfer fractions likely reflect monsoon-driven cloud regimes distinct from equatorial convection. Exclud-
ing CN-Din, the tropical EBF median (n=11) is 12.9% and the range is 5.6 to 31.0%; excluding both monsoon
sites (n=10), the median is 10.6% and the range is 5.6 to 24.2%. MY-LHP, KH-Kmp, TH-Kog, and ID-PaB
are sourced from JapanFlux2024 (Hirano et al. 2025) and provide the SE Asian tropical EBF anchors; ID-
PaB and ID-Pag share a Borneo peatland location.

Table 2. Comparison of transfer fraction estimates from prior literature and this study. Each row uses
different data, scale, or methodology; values are not directly comparable without accounting for scale and
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estimator differences.

Source Scale 7 estimate Method

Shahid 2026b (Paper 2)  Site (314 8.5% (5.9-29.8%) a(B)-CRE regression slope
FLUXNET)

Bunyard et al. 2024 Amazon estimate 75-100% Top-down gross LE budget

Baker et al. 2026 Amazon rainfall Indirect; converges  Rainfall-derived indirect
monetisation with site-level range  estimator

Trenberth et al. 2009 Global steady-state ~100% (definitional) ~ Global LE energy budget

closure

This study (site) Tropical EBF 14.7% (6.9-22.2%)  Direct |CRE,|/LE ratio
median

This study (basin) Amazon integrated 20.8% Basin polygon aggregation

5 Conceptual Framework: Three Energy Streams

The transfer fraction 7 decomposes naturally into three TOA energy streams, each with distinct physical
drivers and policy interpretations. Distinguishing them is essential for correctly attributing the observed
CRE, to surface forcing. Each stream answers a different question: how much incoming solar radiation
is intercepted before it enters the climate system, how much outgoing infrared radiation is trapped by the
clouds that condensation forms, and what residual TOA change results from the combined action of the two.
Only the third quantity enters the transfer fraction; the first two are its components.

5.1 Stream 1: Cloud shortwave reflection (CREgy)

AtBR-Sal, CREgy = —52.3 W m~2. This represents incoming solar radiation reflected by forest-generated
cloud tops before it enters the climate system. It is a genuine TOA cooling effect, but it is not the fate of
the latent heat flux. The energy in CREgw never reached the surface, never evaporated water, and was not
carried by updrafts; it is solar energy turned away at the cloud boundary. CREgyw is driven by the shortwave
side of the surface forcing coefficient a(/3) introduced by Shahid (2026a): the partitioning of net radiation
between sensible and latent heat determines how much evapotranspiration occurs, how much cloud cover
forms, and therefore how much shortwave radiation is reflected. CREgw is thus the downstream cloud-side
expression of a surface partitioning decision, not an independent TOA energy export. Treating it as such
double-counts the same solar energy, once at the surface and once at the cloud boundary.

5.2 Stream 2: Cloud longwave trapping (CRE, y)

At BR-Sal, CRELw = +41.1 W m~2. The condensation process that generates clouds also renders those
clouds optically opaque in the longwave. The clouds then trap upward-going infrared radiation, reducing
OLR. This longwave trapping is not a side effect; it is a fundamental consequence of cloud formation in
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the tropics. Any framework that counts cloud formation as a mechanism for exporting condensation energy
to space must simultaneously account for the longwave opacity of those same clouds. In effect, the clouds
generated by latent heat release also block the outgoing longwave emission from the atmospheric column
beneath and within them, and this self-blocking is largest where convection is deepest. CRELw is therefore
not a free parameter that can be tuned down by recycling or transport; it is the radiative shadow cast by the
same condensate that produced the shortwave reflection in Stream 1.

5.3 Stream 3: Net CRE (the transfer fraction)

CRE, = CREgw + CRE[w = —52.3 + 41.1 = —11.2 W m~?2 at BR-Sal. The transfer fraction is n =
11.2/87.1 = 12.9%. This is the only quantity appropriate for computing the net TOA radiative value of forest
latent heat flux. It represents the residual TOA cooling after accounting for the longwave self-blocking that
is an unavoidable physical consequence of deep tropical convection. For closing the TOA radiation budget,
only CRE,¢ matters: it is the quantity that changes when forest cover changes, and it is the quantity that
propagates directly into the global-mean radiative budget. The three streams are not additive; they are the
components of a single physical accounting. Stream 1 describes what the clouds keep out, Stream 2 describes
what the clouds keep in, and Stream 3 is the net of the two. Because the attenuation in Stream 2 scales with
the same cloud field that produces the reflection in Stream 1, the two terms track one another across space
and season, and their residual (Stream 3) is tightly bounded even when either component grows large.

CREgy = —52.3 W m~2 CREpet = —11.2 Wm™2
reflected sungght (cooling) net TOA coofing (residual)

TOA (top of atmosphere)

CRE_y = +41.1 Wm™2
trapped longwave (warming)

{ Condensation at cloud level (3 - 6 km) J

Arrow width o« W m~2 4

I 57

e 40
— LE = 87.1 W m2

. ) H=174Wm=2 (16%)
(79% of Ry, dominant)

Forest surface (BR-Sa1)

R, =111 W m=2

CREpet = CREgy + CREy = (=52.3) + (+41.1) = —=11.2Wm™2 1= |CREpe| /LE = 11.2/87.1 = 12.9%

18



Figure 1. Three energy streams at BR-Sal (Tapajés, Amazon). Stream 1 (CREgw = —52.3 Wm™2): incoming
solar reflected by cloud tops, not latent heat. Stream 2 (CREw = +41.1 Wm™2): cloud longwave trapping;
the attenuation mechanism. Stream 3 (CREne = —11.2 W m™2): net TOA cooling; the transfer fraction
(m = 12.9%). Only Stream 3 is appropriate for forest valuation.

6 Discussion

6.1 Physical interpretation

The low transfer fraction reported here is consistent with established atmospheric energy budgets. Trenberth
et al. (2009) and Stephens et al. (2012) show that of total atmospheric emission, 37.4% is directed upward
to space and 62.6% downward to the surface. Condensation heat released at cloud altitude follows the same
radiative physics: once the energy is deposited into the atmospheric column, its partitioning between space-
bound and surface-bound longwave streams is governed by the emitting temperature and overlying opacity,
not by the latent origin of the heat. The atmospheric window from 8 to 13 pm, the only spectral band in
which the clear-sky atmosphere is largely transparent to outgoing infrared, transmits approximately 22 to
40 W m™ globally from all surface and near-surface sources combined (Kiehl and Trenberth, 1997; Costa
and Shine, 2012). In convective columns the window is further narrowed by cloud condensate, so that most
surface-originating longwave is absorbed and re-emitted at the cloud top temperature rather than transmitted
directly to space.

The dominant reason for the low net transfer is the cloud longwave warming effect. At Amazon sites, CERES
measures a mean CREy w of +41 W m™, meaning that the clouds generated by condensation trap 41 W m™
of outgoing longwave radiation relative to the clear-sky column. The shortwave cooling (CREgw = -52
W m2) exceeds this in magnitude, but the net cooling (-11 W m2) is the residual of two large, partially
offsetting terms. This self-blocking behaviour is a fundamental feature of deep tropical convection originally
documented by Ramanathan et al. (1989) in the ERBE climatology and elaborated by Kiehl (1994), who
showed that in convective regimes CREgw and CREL w approximately cancel at the TOA, producing a small
net CRE whose sign depends on cloud-top temperature and optical depth. The transfer fraction 7 is simply
this residual normalised by the surface latent heat flux that drives cloud formation. Because the offsetting
structure is a geometric property of deep convective cloud fields, not a parameter that can be tuned by local
land cover, the observed 1 of 14.7% for tropical evergreen broadleaf forest sits within the expected range for
regimes in which CREgw and CRE] w are co-determined by convective depth. The convective relay (Section
6.5) and basin-scale recycling (Section 6.4) extend the mechanism spatially but do not override this local
radiative constraint.

6.2 1 as a cloud feedback diagnostic

Beyond its role as a surface-to-TOA transfer metric, ) carries direct information about the cloud feedback
partition that dominates uncertainty in equilibrium climate sensitivity. Sherwood et al. (2020) identify the
shortwave low-cloud feedback and the high-cloud longwave feedback as the two leading contributors to ECS
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spread, and Zelinka et al. (2020) show that intermodel variation in the CMIP6 ensemble is driven primarily
by differences in how models partition cloud radiative response between CREsw and CREpw. Ceppi and
Nowack (2021) further demonstrate that observational constraints on the ratio of longwave to shortwave
cloud response provide a stronger top-down constraint on feedback than either component alone. Dessler
(2010) made the original observational case that CRE decomposition from CERES constrains the feedback
partition directly, albeit at the global scale and on interannual timescales.

The observations reported here extend this logic from climatological-mean global feedback to the mechanism-
level partition at site and basin scales. At Amazon convective sites the CREp w/|CREgw| ratio is approxi-
mately 0.79 (41/52), with narrow across-site spread (0.72 to 0.86 across the twelve tropical EBF sites). Be-
cause CRELy is the longwave warming produced by cloud opacity and |CREsw| is the shortwave cooling
produced by cloud albedo, the ratio is a direct observational measure of how a given convective regime dis-
tributes its radiative response between the two streams. The CAPE regression reported in Section 4 (R? =
0.74 for CRELw versus mean CAPE across sites) provides a bottom-up physical explanation for the observed
partition: deeper convection raises cloud-top heights, cools cloud-top temperatures, and increases cloud-top
optical depth in rough proportion, so CRE; w and CREgw grow together. Myers et al. (2021) obtain a con-
sistent picture for marine low clouds using a different method, and Bony et al. (2006) and Soden and Held
(2006) anchor the modelled partition to the thermodynamic control of cloud-top temperature.

Treating 7 as a feedback diagnostic allows two applications. First, model evaluation: CMIP-class models
whose simulated tropical convective sites reproduce surface LE but produce 7 outside the range 6 to 22%
observed here are either misrepresenting cloud optical depth or decoupling the longwave opacity of deep
clouds from their shortwave reflectance in ways not supported by observations. Second, an emergent con-
straint on tropical feedback: the narrow across-site spread of the CRE w/|CREgsw| ratio implies that the
convective-depth control established here is a robust observational target for the high-cloud longwave feed-
back component of ECS. Klein et al. (2017) note that such constraints are most powerful when the observed
relationship has clear physical underpinning; the CAPE regression supplies that underpinning here.

6.3 7 and biophysical forcing maps

A second application of ) is the interpretation of biophysical forcing maps. Duveiller et al. (2018) produced
the first global map of surface temperature response to potential land cover change using satellite-observed
bright-temperature differences between neighbouring biomes, and Winckler et al. (2019) extended this to
separate local from nonlocal effects. Bright et al. (2017) compiled albedo-equivalent CO2 forcings for a
range of deforestation scenarios. All three approaches quantify surface-level or near-surface signals. None
directly resolve the TOA radiative consequence, which is the quantity that enters global energy budgets
and that determines whether a local surface cooling propagates to a planetary cooling or is absorbed by
atmospheric feedbacks.

The transfer fraction supplies the missing link. For a land cover change that alters surface LE by ALE, the
TOA radiative consequence through the cloud pathway is approximately 7 - ALE, where 7 is the site-scale
value for isolated patches and the basin-scale value for contiguous forest regions large enough to sustain
internal recycling. Applied to the Duveiller et al. (2018) global biophysical forcing maps, this yields a direct
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TOA-equivalent estimate for each 1° grid cell, complementary to the surface-temperature-based estimate
the maps report. The surface partitioning coefficient «(3) from Shahid (2026a) provides the upstream piece:
a(f) determines how net radiation is divided into sensible and latent heat; 7 determines how much of the
latent portion then produces a TOA change. Together the two coefficients form a surface-to-TOA chain
calibrated on the same 341-site joint FluxDataKit-v3 + JapanFlux2024 dataset across the two papers.

Irrigation provides a sharp test of this chain. Thiery et al. (2017, 2020) show that irrigation over cropland
cools surface and near-surface temperatures by increasing LE at the expense of sensible heat, and Lobell et al.
(2009) and Cook et al. (2015) document comparable signals in the Indian and North American breadbaskets.
Under a naive latent-heat-equals-TOA-cooling assumption, the strong surface cooling would be expected to
propagate to a proportional TOA signal. The transfer fraction shows otherwise: although irrigation elevates
surface LE substantially, it does not in general produce the deep convective cloud fields that dominate CRE¢
at undisturbed tropical forest sites, so CRE,; over irrigated cropland remains modest. Irrigation therefore
elevates LE without producing CRE,; amplification of comparable magnitude, a distinction that is invisible
in surface-temperature forcing maps but directly quantified by 7.

One scale comparison provides orientation. The Amazon basin-integrated CRE,; anomaly attributable to
intact forest is approximately 20 W m at the basin scale, whereas the IPCC AR6 global mean CO, effective
radiative forcing is 2.16 W m™. The two are not directly comparable (one is a regional mean over a specific
biome, the other a global mean across all surfaces) but the magnitude ordering clarifies why biophysical
cooling is radiatively significant at regional scale even where its global-mean contribution is modest.

6.4 Basin-scale recycling

The transfer fraction reported at individual sites is a single-pass metric. In the Amazon basin, moisture recy-
cling means that water evapotranspired at the coast may precipitate and re-evaporate multiple times before
reaching the western interior. For a recycling ratio p, the fraction of local precipitation derived from upwind
forest evapotranspiration, the effective basin-scale transfer fraction is approximately Mpasin = 7site /(1 — p)-
Published estimates of p for the Amazon range from 0.25 to 0.67, with higher values in the western inte-
rior (van der Ent et al., 2010; Zemp et al., 2014, 2017; Staal et al., 2020). Shahid (2026¢) traced moisture
corridors through the Amazon and Congo interiors, documenting the horizontal transport that sustains these
recycling estimates.

The CERES-derived basin transfer fraction of 20.8% provides an independent observational check on these
values. Using the Eltahir and Bras (1994) recycling framework with 74 = 12.9% (the BR-Sal Ama-
zon flagship-site value used as the Amazon-specific anchor; see Section 3.3), a basin 7 of 20.8% implies
Pamazon = 0.38, within the published range and close to the central estimate of van der Ent et al. (2010).
For the Congo basin, the methodology remains asymmetric by necessity: no FLUXNET site falls inside the
Congo basin in the current 341-site sample, and the African coverage is limited to three savanna / dry forest
sites (ZA-Kru, ZM-Mon, BW-Mal) all outside the Congo basin. For Southeast Asia, the 341-site sample
includes five tropical EBF anchors: MY-LHP (Borneo, Malaysia; = 24.2%), ID-PaB (Borneo, Indonesia;
n = 5.8%), ID-Pag (Borneo, Indonesia; 7 = 7.1% from FluxDataKit and 6.4% from JapanFlux2024, same
physical tower, two flux protocols), KH-Kmp (Cambodia; n = 5.6%), and TH-Kog (Thailand monsoon
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tropics; 7 = 31.0%). The mean across these five SE Asia tropical EBF anchors is 13.3% (median 6.7%),
consistent with the implied site anchor of 12.8% from inverting the basin transfer fraction through the pub-
lished recycling fraction p ~ 0.36. The SE Asia basin 1 of 20.1% corresponds to a forward-derived amplifi-
cation of 20.1/13.3 ~ 1.51x (using the SE Asia tropical-EBF mean as anchor) or 20.1/6.7 ~ 3.0x (using
the median), bracketing the p-inverted value of 1.57x. For the Congo basin, the published basin recycling
fractions (pcongo ~ 0.39; van der Ent et al., 2010; Staal et al., 2018) combined with the CERES-measured
basin 7 yield an amplification of 1.63x and a site-equivalent 77 of 10.5%. The Congo site-equivalent value
is bounded by the CERES basin measurement and published p, not measured independently from an eddy-
covariance tower, and should be interpreted accordingly. It falls within the 5.6 to 31.0% range spanned by
the twelve measured tropical EBF sites on five continents, consistent with the interpretation that the basin
values reflect the same underlying convective physics. The Congo FLUXNET gap remains the largest un-
resolved limitation in this work: no eddy-covariance tower in the African tropical forest belt is present
in any FLUXNET2015, ONEFlux, FluxDataKit-v3, or JapanFlux2024 release. The Congo basin 7 re-
ported here is the CERES grid-cell measurement; the Congo site-equivalent 7 is a derived quantity
bounded by published p. A direct Congo-anchored validation awaits African eddy-covariance data
from AfriFlux or equivalent. The convergence of amplification factors across the three basins reflects the
convergence of published p values across the three tropical forest regions (0.36 to 0.39), a known result of
tracer-based moisture-recycling studies, rather than independent basin-specific FLUXNET anchoring.

Two features of the basin result are worth emphasising. First, even with the recycling correction, 7pasin =
20.8% remains well below unity because the CRE w attenuation mechanism operates independently of re-
cycling: each condensation event generates longwave trapping that partially offsets the cooling, and re-
evaporating water goes through the same geometric bound (Section 6.10) on each pass. Recycling multiplies
the number of cooling events but does not alter the per-event partition between CREgw and CRE w. Second,
the basin-scale value is a fixed point of the recycling operator only in the spatially coherent limit. For frag-
mented forest, where p falls toward zero as patch size decreases, 7 collapses toward the site-level 14.7% on
length scales below approximately 50 km, which is the characteristic moisture recycling scale for Amazon
convection. The scale-dependence of 7 has direct implications for conservation accounting: a per-hectare
radiative value derived from a contiguous basin cannot be applied unchanged to a fragmented landscape.
Paper 8 develops this cascade explicitly.

The 1.62x amplification quantifies how basin-integrated forest sustains a larger TOA radiative cooling than
the site-level value implies, because each unit of evapotranspiration drives multiple condensation events
along the moisture-recycling corridor. Translating this physical amplification into a per-hectare conservation
value is treated in Paper 8 (cascade valuation), where the social cost of carbon, counterfactual land cover,
and scale-dependent attribution are handled with the auxiliary assumptions they require.

6.5 Convective relay and remote export

The conventional interpretation of a low local transfer fraction is that most condensation heat is retained in
the atmosphere or returned to the surface. Neither framing accounts fully for the convective relay mecha-
nism. When cloud longwave trapping (CRELw = +41 W m at BR-Sal) feeds deeper convection rather than
simply warming the atmosphere, the condensation energy follows a multi-step pathway: surface LE drives
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cloud formation; cloud longwave opacity traps outgoing radiation locally; the trapped energy strengthens
the updraft and promotes deeper convective growth; the resulting cumulonimbus towers inject heat into the
tropical tropopause layer at 16 to 18 km; at the TTL, the overlying stratospheric column is dry and thin, al-
lowing a larger fraction to radiate to space; and the remainder is carried poleward by the Hadley circulation
and exits to space under clear skies in the subtropical subsidence zones at 20 to 30 degrees latitude.

The total export fraction, combining the direct local pathway (14.7%), the basin recycling correction (1.62x
for the Amazon), and the remote tropopause exit pathway, is bounded above by the basin-scale geometric
bound of approximately 20 to 45% (Section 6.10) and below by the local CRE measurement of 14.7%. The
lower bound is directly observed; the upper bound is derived from the convective overshoot statistics of Liu
et al. (2020) and the Hadley-cell clear-sky OLR budget.

A direct test of the relay pathway was conducted using forward Lagrangian trajectories from the Amazon
tropical tropopause layer, with a symmetric control experiment releasing parcels from the tropical Atlantic.
Details and results are presented in the Supplementary Materials. Briefly, air parcels released from the Ama-
zon at 200 hPa reach subtropical OLR-rich zones (OLR around 270 W m™) within 5 to 10 days, confirming
the geometric pathway described above. However, a full symmetric 28-run control experiment (7 years span-
ning neutral, La Nina, El Nino transition, strong El Nino, El Nino tail, and weak El Nino phases; 4 seasons
per year; identical release altitude and times) shows that Atlantic-source control parcels reach indistinguish-
able endpoint OLR values: the mean Amazon-minus-Atlantic difference is +0.44 W m™ (standard deviation
11.1 W m2, range —16 to +23), and the null hypothesis of no difference cannot be rejected (t = 0.21, p =
0.83). The result is not an artifact of ENSO phase: all six ENSO phase groups examined yield phase-mean
differences within +7.3 W m™ of zero with within-phase standard deviations of 9 to 14 W m™. The sub-
tropical OLR enhancement is therefore a general feature of Hadley transport rather than a forest-specific
signature. The forest’s causal contribution to TOA cooling is correctly quantified by the surface-to-TOA
transfer fraction at site and basin scales (Sections 3.1 and 3.6), not by the trajectory endpoint OLR. The
relay mechanism exists, but its remote component is fed from the full tropical convective envelope, and the
forest-attributable portion at the TOA is already captured locally through CRE.

6.6 Forest-cloud-moisture coupling perspectives

Several distinct views of tropical forest-atmosphere coupling coexist in the literature. Ellison et al. (2025)
emphasise forest-maintained cloud cover as the primary regional cooling mechanism, operating through
increased albedo and shading of the surface. Makarieva and Gorshkov (2007) propose the biotic pump
hypothesis, in which condensation-driven pressure gradients sustain continental moisture advection from
coast to interior. Spracklen et al. (2012) and Wright et al. (2017) document the observational ET-cloud
coupling signature that links these perspectives. Shahid (2026¢) maps the corresponding moisture corridors
directly.

These views are not competing explanations but descriptions of different aspects of the same coupled process.
Ellison et al. (2025) are supported by the coast-to-interior transect in Figure 6, which shows that interior
forest retains substantial cloud cover (CREsy around -60 W m™) even in the dry season when the coast
declines to -37 W m. Makarieva and Gorshkov (2007) are supported by the positive interior-coast CRELw
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gradient, indicating deeper and more persistent convective clouds inland, which is the radiative fingerprint
expected if condensation-driven advection sustains moisture flux into the interior. Shahid (2026c¢) traces the
same gradient in atmospheric water content fields, closing the loop between the radiative and hydrological
views.

The CERES data confirm both pieces simultaneously: cloud cover is maintained by forest evapotranspiration
(the Ellison mechanism), and that cloud cover is deeper and more persistent inland than at the coast (the
biotic-pump-consistent fingerprint). The net TOA result is a nearly flat CRE transect despite large interior-
intensification of both CREgw and CRErw. This flatness is precisely the signature expected if CRELw
attenuation is the regulating factor: interior convection generates more cooling but also more longwave
trapping, and the residual CRE;,¢; remains within a narrow band. The convective-depth regulation established
by the CAPE regression (Section 6.2) explains why the two gradients grow together. The forest-cloud-
moisture system is therefore internally consistent across the surface, atmospheric, and TOA observations.

6.7 Pathways not captured by the TOA radiative metric

The transfer fraction quantifies only the TOA net radiative pathway of forest biophysical cooling. At least
four additional mechanisms operate independently. First, surface cooling: evapotranspiration directly re-
duces surface and near-surface air temperatures by 2 to 8 degrees C relative to cleared land (Li et al., 2015;
Alkama and Cescatti, 2016), which matters for heat exposure and crop yield even when the TOA signal is
modest. Second, rainfall generation: Baker et al. (2026) quantify Amazon rainfall generation at 300 = 110
litres per m? per year, addressing a different arm of the same biophysical system. Third, continental moisture
transport: the condensation-driven pressure gradients described by Makarieva and Gorshkov (2007) may sus-
tain moisture advection from the coast to the continental interior, with implications for interior rainfall that
are not captured in a local TOA metric. Fourth, tipping point prevention: the Amazon may be approaching a
critical threshold beyond which self-reinforcing feedbacks drive irreversible transition to savanna (Lovejoy
and Nobre, 2018; Armstrong McKay et al., 2022), carrying a large option value that no radiative metric can
represent.

The TOA radiative pathway is one of several biophysical mechanisms by which intact tropical forest regulates
climate. The four others (surface albedo modification, surface roughness and sensible-heat partitioning,
evapotranspiration-mediated boundary-layer dynamics, and downwind precipitation sustained by moisture
recycling) operate on overlapping spatial and temporal scales. The transfer fraction reported here provides
a rigorous observational anchor for the TOA radiative arm; integrating across all five mechanisms is the
subject of Paper 8.

6.8 Comparison with prior estimates

The transfer fraction has been estimated previously by several groups using different methods. Shahid
(2026b) reported a site-level mean of 8.5% (range 5.9 to 29.8%) from the same FLUXNET-CERES co-
location dataset, using a regression-based estimator that regresses CRE,¢; on surface LE across the site sam-
ple. Bunyard et al. (2024) reported values of 75 to 100% from an analytical model based on Amazon rainfall
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totals and gross latent heat release. Baker et al. (2026) constrain an indirect transfer estimate through rainfall
monetisation of Amazon forest cooling, with an implied transfer fraction in the range of the site-level esti-
mates reported here. The present study reports a site-level ) of 14.7% for tropical EBF and a basin-level 1 of
20.8% for the Amazon, both derived from a direct ratio estimator (77 = |CREe|/LE) rather than a regression
slope.

Two clarifications reconcile the estimator differences. The regression slope in Shahid (2026b) is sensitive
to across-site variance in LE and therefore weights sites with high LE variability; the direct ratio used here
weights all sites equally and yields a slightly higher central value at the tropical EBF sites. The two estimators
are complementary rather than contradictory, and their joint interpretation is that the tropical EBF site-level

7 lies in the range 8§ to 15%.

The Bunyard et al. (2024) estimate reflects a different physical quantity. Their approach treats the gross
latent heat release associated with Amazon rainfall as the climate-relevant flux, whereas the CRE-based
estimator used here measures only the net TOA radiative perturbation. Because the global mean surface LE
is already approximately 80 W m? in the baseline energy budget (Trenberth et al., 2009), the full gross flux
is not an additional forcing when land cover changes; the forcing is the change in TOA flux, which is what
the CRE measurement captures. The Bunyard et al. (2024) gross-LE framing and the net-CRE framing used
here therefore address distinct quantities and are not directly comparable on the same axis.

6.9 Geometric bound on 7 in deep convective regimes

A geometric bound on the maximum achievable transfer fraction can be derived from the CRE decomposition.
Because CRE,,¢t = CREsw + CRELw with CREgw < 0 and CRELw > 0, the identity = |CRE,|/LE =
(|CREsw| - CRELw)/LE constrains 7 for any given LE through the difference of the two cloud radiative
terms. The CAPE regression (R? = 0.74, Section 4) shows that CRE; w and CREgy are both controlled
by convective depth: as cloud optical depth increases, CREgw grows (more reflection), but CRELw grows
in near-proportion (more longwave trapping). The two cannot be independently tuned in deep convective

regimes.

At BR-Sal, the observed CRE, ¢ is -11.2 W m™ and the observed LE is 87 W m?, yielding n = 12.9%. For
7 to reach 50% at this site would require |CREgw| - CRELw > 43.5 W m2, against an observed difference
of 11.2 W m™. Raising this difference to 43.5 would require either CREgy to nearly double (implying
cloud albedo > 1, physically impossible) or CREpw to collapse toward zero (implying optically thin clouds,
which would also collapse CREgyw through the same convective-depth coupling). Neither is achievable in
the tropical deep convective regime; the CAPE relationship forbids the decoupling.

The bound generalises. For any convective regime in which CREw and |CREgw| are linked by a cloud-
depth parameter with ratio CREp w/|CREgw| = r(CAPE), the maximum achievable 7 is (1-r) -|CREgw|/LE.
For the tropical EBF sites, r is observed in the range 0.72 to 0.86, implying a maximum 7 in the range of
15 to 25% at site scale, consistent with the 14.7% measured here. Shallow convective regimes with smaller
r can achieve higher 7, but tropical deep convection, which produces most of the latent heat release, is
geometrically constrained to low values. The CAPE regression is therefore not merely descriptive: it is
the observational expression of a geometric constraint on how far surface LE can be converted to net TOA
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cooling through the cloud pathway.

At the basin scale, moisture recycling amplifies the site-level bound by a factor of approximately 1/(1 — p),
where p is the basin recycling fraction. Applying the empirical Amazon amplification factor of 1.62x to
the upper end of the site-scale bound (25%) yields a basin-scale geometric bound of approximately 35%.
Equivalently, for the published Amazon recycling range p € [0.25, 0.67], the corresponding basin amplifica-
tions are 1.33x to 3.0, giving a plausible basin-scale bound range of 20 to 45% depending on the assumed
recycling fraction; the central estimate of ~35% is used as the reference line in Figures 3 and 7 for cross-
biome and cross-basin comparisons. The measured basin value of 20.8% for the Amazon sits well below
this bound.

High-end estimates in recent literature (>50%) that assume cloud longwave opacity can be decoupled from
cloud shortwave reflection, or that treat gross LE as the radiatively active flux, are inconsistent with the
geometric bound derived here (Bunyard et al., 2024).
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|CREnet| /LE is the slope of the relationship within each biome. The global mediann = 31.6% [95% CI: 28.3
to 35.8%]. Note: the cross-site correlation between LE and CRE, is near-zero (r = 0.029), the transfer
fraction is the within-biome ratio, not the OLS slope of the scatter.
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7 Conclusions

This study provides a dedicated, scale-stratified observational constraint on the fraction of surface latent heat
flux reaching the top of atmosphere as net radiative cooling, extending the preliminary site-level regression
estimate of Shahid (2026b) to basin scale across 341 sites globally and adding a mechanistic decomposition
and geometric bound. Six conclusions follow from the analysis.

1. Site-level constraint. The median transfer fraction for tropical evergreen broadleaf forest is n = 14.7%
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(range 5.6 to 31.0% across 12 sites spanning 5 continents); the Amazon flagship site BR-Sal yields 12.9%.
Across the full 341-site FLUXNET cross- biome sample, the global median is n = 31.6%, confirming that
low single-digit to low double-digit values are characteristic of moist tropical systems rather than artifacts
of site selection.

2. Basin-level constraint. The basin-integrated transfer fraction for the Amazon is 20.8% (CREe = —19.8
W m~2, LE =95.1 W m~?2), with a moisture recycling amplification of 1.62x relative to the single-site value.
Cross-basin replication yields Congo 1.63x and SE Asia 1.57x. These are, to our knowledge, the first basin-
integrated observational transfer fractions reported for the world’s three major tropical forest basins.

3. Geometric bound mechanism. CRELy scales with CAPE at R?> = 0.74 (slope 0.032 W m~? per
J kg™1), and CREgw and CREw intensify in lockstep along coast-to-interior transects in all three basins
with CRE,¢ remaining approximately flat. This CREsw/CRELw lockstep is a universal feature of deep
convective regimes and imposes a geometric upper bound on 7 that cannot be circumvented by moisture
recycling or large-scale transport.

4. Biotic pump observational fingerprint. Interior Amazon forest maintains cloud cover at CREgw = —60
W m~2 in the dry season while the coast declines to —37 W m~2. This east-west seasonal gradient is the
observational fingerprint of the biotic pump mechanism, consistent with Makarieva and Gorshkov (2007),
Ellison et al. (2025), and the vertical-coherence framework of Shahid (2026c¢).

5. Deforestation signal. Deforestation in the Amazon arc yields a CRE,¢; penalty of 2.6 to 11.5 W m~2 and
a cloud fraction reduction of 6.5 to 9.7 percentage points relative to intact forest, demonstrating that forest
loss produces a measurable and quantifiable impact on the TOA radiation budget.

6. Scale-dependent applications. The transfer fraction operates simultaneously as a cloud feedback diag-
nostic and as the TOA counterpart to the surface biophysical forcing coefficient «(3). The 1.62x recycling
amplification from site to basin scale is a physical property of the 77-p system, independent of any particular
valuation framework. Translating this scale-dependent physical envelope into per-hectare radiative value,
with the auxiliary assumptions on social cost of carbon and counterfactual land cover, is the subject of Paper
8 (cascade valuation).

The present paper (Paper 6) closes the LE-specific vertical transfer arm of a broader programme on surface-
to-atmosphere energy coupling. Paper 1 established the surface forcing coefficient «(3) (Shahid 2026a);
Paper 2 tested whether «(3) propagates to TOA cloud radiative effects across 314 FLUXNET sites (Shahid
2026b); Paper 3 characterised the horizontal moisture corridors that sustain inland rainfall in the Amazon and
Congo basins (Shahid 2026¢). The present paper extends the site-level propagation test of Paper 2 to basin
scale and adds the cloud-mediated mechanistic decomposition. Four companion studies are in preparation
and round out the programme. Paper 4 examines the Andes Low-Level Jet and ENSO modulation of basin-
scale transfer. Paper 5 quantifies edge effects in fragmented tropical landscapes. Paper 8 develops cascade
valuation across nested spatial scales. Paper 9 targets event-scale radiative responses to individual convec-
tive systems. Together these lines of work extend the framework from steady-state climatology toward the
dynamical and economic regimes in which forests actually operate.
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S1. Forward Lagrangian trajectory analysis: methods

Section 5.5 of the main text proposes the convective relay as the mechanism that reconciles the low local
transfer fraction (14.7 percent) with the thermodynamic expectation that condensation heat must eventually
exit the climate system. This supplementary material reports the direct empirical test of that mechanism
using forward Lagrangian trajectories.

S1.1 Input data

Trajectories were computed from the ERAS reanalysis (Hersbach et al., 2020) at the 200 hPa pressure level
(approximately 12 km altitude, within the upper troposphere and tropical tropopause layer). Three wind com-
ponents (zonal u, meridional v, vertical omega) were retrieved at 6-hourly resolution for a domain extending
from 30 degrees S to 60 degrees N and from 90 degrees W to 30 degrees E. Seven years were processed:
2005, 2008, 2010, 2015, 2016, 2019, and 2020, spanning ENSO-neutral (2010, 2019), La Nina (2008, 2020),
and El Nino (2015, 2016) states.

S1.2 Release protocol

Air parcels were released from a 1-degree grid over the Amazon basin (5 degrees S to 5 degrees N, 75 degrees
W to 50 degrees W), yielding 286 parcels per release (11 latitudes x 26 longitudes). Releases were performed
on the 15th of January, April, July, and October each year at 12:00 UTC. Parcels were advected forward for
20 days using a simple Euler integration scheme with a 6-hour timestep (80 steps total). Wind fields at each
step were interpolated to the parcel position using bilinear interpolation. Parcels that exited the domain were

retained at their last in-domain position.



S1.3 Control experiment

To distinguish forest-specific transport from the general Hadley circulation, a symmetric control experiment
was conducted matching the full main-ensemble release matrix: all 7 years (2005, 2008, 2010, 2015, 2016,
2019, 2020) and all 4 seasons (January, April, July, October releases), for a total of 28 control runs. The
control used the identical advection protocol but released parcels from the tropical Atlantic (5 degrees S
to 5 degrees N, 30 degrees W to 5 degrees W), an open-ocean area with no forest and no continental con-
vective source. The 7 years span neutral / weak La Nina (2005), La Nina (2008, 2020), El Nino to La
Nina transition (2010), strong EI Nino (2015), El Nino tail (2016), and weak El Nino (2019) phases, pro-
viding ENSO-matched coverage of the main Amazon ensemble. If the convective relay pathway is forest-
specific, Amazon-released parcels should reach systematically different destinations or higher-OLR zones
than Atlantic-released parcels at identical times. If the pathway reflects general Hadley infrastructure, both
sets should behave similarly.

S1.4 CERES coupling

For each release, the CERES EBAF Ed4.2 monthly all-sky OLR (Loeb et al., 2018) corresponding to the
release month was extracted. At each trajectory endpoint (days 0, 5, 10, 15, 20), OLR was sampled at each
parcel location using nearest-neighbor interpolation on the 1-degree CERES grid. The enhancement metric

is the difference between the mean OLR at parcel locations and the mean OLR over the Amazon source
region (5S-5N, 75W-50W).

S2. Results
S2.1 Trajectory ensemble (Amazon source)

Across all 28 Amazon releases, parcels consistently drift poleward and eastward. By day 5, the mean ab-
solute latitude reaches 16.2 degrees (standard deviation across runs = 3.5 degrees). By day 20, the mean
latitude reaches 22.9 degrees, placing most parcels in the subtropical Hadley descending branch. Longitu-
dinal displacement averages 60 degrees eastward by day 20, carrying parcels across the Atlantic into West
Africa and the eastern Atlantic.

The OLR at parcel destinations rises rapidly in the first 5 days then plateaus. Day 5 OLR averages 270.3
W /m? across all 28 ensembles (versus 232.1 W/m? mean Amazon source), an enhancement of +38.2 W /m?
(standard deviation 14.8). Day 20 OLR averages 276.7 W /m?, an enhancement of +44.6 W /m? (standard de-
viation 15.3). The enhancement is positive across all runs and all years, confirming that parcels released from
the Amazon TTL reach higher-OLR zones within 5 days and remain there through the 20-day integration.

S2.2 Control experiment (Atlantic source)

When parcels are released from the tropical Atlantic rather than the Amazon at the identical altitude and
times, the endpoint OLR values show no consistent direction of difference from the Amazon case. Across the
full symmetric matrix of 28 control runs (7 years x 4 seasons), the mean Amazon-minus-Atlantic endpoint
OLR difference is +0.44 W/m? (standard deviation 11.14 W/m?, range -16.4 to +23.0 W/m?). A one-
sample t-test against a null difference of zero yields t = 0.21, p = 0.83: the null hypothesis that Amazon-
source and Atlantic-source parcels reach indistinguishable subtropical endpoint OLR cannot be rejected. The
95% range of differences (approximately -22 to +22 W/m? at 2 sigma) is larger than any plausible forest-



specific enhancement, indicating that natural advection variability, not statistical underpowering, dominates

the scatter.

The result is consistent across ENSO phases. Mean Amazon-minus-Atlantic differences by phase are: neutral
/ weak La Nina (2005) = -4.2 W/m? (n = 4, standard deviation 14.0); La Nina (2008, 2020) = +0.4 W /m?
(n =8, standard deviation 9.4); El Nino to La Nina transition (2010) = -0.4 W /m? (n = 4, standard deviation
13.0); strong E1 Nino (2015) =+7.3 W/m? (n = 4, standard deviation 12.7); El Nino tail (2016) =+2.2 W /m?
(n = 4, standard deviation 10.1); weak El Nino (2019) = -2.8 W/m? (n = 4, standard deviation 13.2). No
phase exhibits a systematic Amazon-specific signal, and within every phase the range of differences exceeds
the phase mean by a factor of three to six.

Both Amazon-released and Atlantic-released parcels reach the subtropical descending branch with similar
endpoint OLR. The +38 to +45 W/m? enhancement observed for Amazon parcels is therefore a general
property of tropical-to-subtropical Hadley transport, not a forest-specific signature.

(a) Relay pathway: parcels reach high-OLR (b) Control test: Amazon vs Atlantic
subtropical zones within 5 days 300 source parcels reach similar OLR
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Figure S1. Forward Lagrangian trajectory analysis from the Amazon tropical tropopause layer at 200 hPa.
(a) OLR enhancement at parcel endpoint locations relative to the Amazon source region, averaged across
28 trajectory ensembles (7 years, 4 seasons, 286 parcels each). Error bars show one standard deviation.
Numbers below markers indicate mean parcel latitude. (b) Control comparison: day 20 endpoint OLR for
parcels released from the Amazon (dark green) versus the tropical Atlantic (teal), with differences shown
above each month pair. No consistent Amazon advantage is observed.

Table S1. Summary of 28 Amazon trajectory ensembles. Mean and standard deviation of parcel latitude and
OLR at each endpoint day.

Day Mean |latitude| Mean OLR Enhancement Standard
(W/m?) (W/m?) deviation
0 2.7 233.4 +1.3 1.4
5 16.2 270.3 +38.2 14.8
10 20.7 275.0 +42.9 15.4
15 22.5 276.3 +44.2 14.7
20 22.9 276.7 +44.6 15.3




Table S2. Amazon versus Atlantic source control comparison, day 20 endpoint OLR for 2010. Differences

have no consistent direction.

Month Amazon OLR Atlantic OLR Difference Interpretation
(W/m?) (W/m?) (W/m?)
Jan 273.3 287.9 -14.6 Atlantic higher
Apr 273.9 256.4 +17.5 Amazon higher
Jul 265.2 269.0 -3.8 Similar
Oct 272.1 267.9 +4.2 Similar
Mean 271.1 270.3 +0.8 No consistent
signal

S3. Interpretation

The trajectory analysis produces two findings that together support the main paper's conclusions rather than
contradict them.

First, the relay pathway is confirmed: air parcels released from the Amazon at 200 hPa do reach subtrop-
ical latitudes within 5 to 10 days, and those destinations have substantially higher OLR than the Amazon
source region. The mechanism described in Section 5.5 of the main text (surface LE, cloud formation, long-
wave trapping, deeper convection, TTL injection, Hadley transport, subtropical clear-sky exit) is therefore
physically real. The atmosphere does move heat from the Amazon to subtropical clear-sky zones on weekly

timescales.

Second, the pathway is not forest-specific. Parcels released from the tropical Atlantic, where there is no
forest and no continental convective source, reach the same subtropical destinations with the same OLR
characteristics as Amazon-released parcels. The subtropical high-OLR zone is a property of the Hadley
circulation, not of forest-driven deep convection specifically.

Taken together, these findings mean that the forest's causal contribution to TOA cooling cannot be attributed
to the pathway above 200 hPa. The pathway is shared infrastructure used by any tropical upper-tropospheric
air parcel. What the forest controls is upstream: the quantity of heat that is injected into the TTL through
deep convection. Intact forest generates higher latent heat flux, higher convective available potential energy,
taller cumulonimbus towers, and therefore more mass reaching the TTL than deforested land of equivalent
geography. The forest-specific TOA signal is therefore correctly quantified by the surface-to-TOA transfer
fraction at the local scale (Section 3.1) and at the basin scale (Section 3.6), not by the trajectory endpoint
OLR.

This result also constrains the spatial misattribution hypothesis, under which local CERES measurements
would underestimate forest-driven cooling because the heat exits to space at higher latitudes. If that were
the dominant effect, Amazon parcels should reach regions with OLR enhancement that Atlantic parcels do
not. The control shows they do not. Spatial misattribution therefore cannot account for the gap between prior
top-down estimates and the 14.7 to 20.8 percent measured here; the geometric bound on 7 in deep convective
regimes (main text Section 6.10) provides the governing constraint.



S4. Data and code availability

Raw trajectory data (NetCDF, 28 Amazon ensembles plus 28 Atlantic control ensembles) and the analysis
scripts (Python, covering ERAS download, trajectory integration, CERES coupling, symmetric control com-
parison, and figure generation; the preloaded-vectorized control script runs the full 56-ensemble matrix in
approximately 110 seconds) are archived with the main paper supplementary code at Zenodo (concept DOI
10.5281/zen0do.20539525; v1.0.0 at 10.5281/zenod0.20539526) with the corresponding GitHub repository
athttps://github.com/R3GENESI5/shahid-2026-transfer-fraction.
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